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PRESSUREDISTRIBUTIONSONBODIIIS
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ByRichardI.Cole

OFREVOLUTION

SPEEDS
‘/

. .

Pressuredistributionsmeasuredalongprolatespheroidsoffineness
ratios3 to 20andalonga slenderbodyoffinenessratio12.arecompared
at subsonicandtrsnsonicspeedswithestimateddistributionsforseveral
@es of attack.Thecomparisonsshowedthatthe‘pressuredistributions
alongthebodiescanbepredictedwithf@r accuracy.

INTRODUCTION

Inresponseto recentdemandsforpressure-distributiondataon
bodiesof,revolutionathighsubsonicMachnumbersthrougha largeangle-
of-attackrange,an investigationhasbeenconductedintheLangley-
24-inchhigh-speedtunnelathigh-subsonicMachnumberson a seriesof
prolatespheroidsoffinenessratios3 to 20,atanglesof attackup to
20°. Otherbodiesof revolutiontestedinthisinvestigationwerethe
hemispherical-nosebody$theogive-cylinderbo~, andtheparabolicbody.‘

Thepurpose,ofthispaperistopresentexperimental.pressure-
distributiondatafromthe24-inch-tunnelinvestigationandfromrefer-
ences1 to 3 andto exsminetheadequacyofvariousexistimgmethodsfor
estimatingthesedata.A comparisonof 24-inch-tunneldataanddatafrom
references4 snd~ isalsopresmited.forReynoldsnumberevslmation.

SYMBOLS

f

z

M

finenessratiojZ/*= (seefig.1)

totallengthofbasicbody(seefig.1)

free-streamMachnumber
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staticpressure

Pz - P~
pressurecoefficient,

!lS

incrementalpressurecoefficients
angleofattack,P - PGOO

pressurecoefficient

dynamicpressure

locslradiusofbody

at zeroangle

(seefig:1)

,

ata givenstationdueto

of attack

Reynoldsnumberbasedonbodylength

coordinatealongmajoraxisofbody(seefig.1)

angleof attack

polarangleaboutsxisof revolutionmeasuredfromvelocity-
approachdirection

Subscripts:

c compressiblevalue

Cr criticslvalue

i incompressiblevalue

2 locslconditions,asonmodelsurface

max msximumvslue

s free-stresmcondition‘

MODELS

Theprofiles,locationofpressureorifices,andotherpertinent
dataforthebodiestestedarepresentedinfigure1. Theordinatesof ‘
thehemispherical-nosebody,theogive-cylinderbody,theparabolicbody,
andthemodified-parobolicbody are presentedintableI.

coNFIDmmfii=—
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Themodelsweresupportedby a hollowstingwhichenclosedthe
leadsfromthesurface-pressureorifices.Thel-inch-diameterprolate
spheroid,thehemispherical-nosebody,andtheparabolicbodyhad14to
17pressureorificesinstald.edalongonemeridianinthemodelsurface
(seefig.1). Theogive-cylinderbodyhad15 surface-pressureorifices.
Thesmslldismeterof thestingonthe0.5-inch-diameterprolatespheroids
permittedonly8 orificeleadstobe passedthroughthesting.tiorder
toobt~ thecompletepressuredistributionforthesemodels,itwas
necessaryfirsttomeasurethepressuresat 8 orificeslocatedalongthe
rearportionof thebody,andthento repeatthetests,measurhgthe
pressuresat8 orificeslocatedslongtheforwardportionof thebody
inthessmemeridian.Theprolatespheroidsoffinenessratios3,5,
6,and10 (1-inch-diamderbody)hadorificeslocatedatmeridians90°
apartaroundthe25-percent-body-lengthstationinorderto checksymmetry.

APPARATUSANDTl?lsTs

ThetestsectionoftheLangley24-inch’high-speed,tunnel(ref.6),
whichwasoriginallycirculsr(24-inchdismeter),wasmodifiedby the
installationofflatsonthetunnelwalls.Theseflatsreducedthewidth
ofthetunnelatthetestsectionfrom24 inchesto 18 inchesandchanged
theshapeofthetestsectionfromcirculartoonemorenearlyapproaching
a rectangle.An enclosurewasinstalledaroundthetunnelsothatthedry
airfromtheinductionjetwouldmixwiththeaircontainedwithinthe
enclosureandtherebylowerthehumidityformorefavorabletesting
conditions.

Thetestsectionandmodelsupportapparatusareshowninfigure2.
Themodelstingwasattachedto a 3-tich-chord,10-percent-thicksupport
strut. Thisstrutextendedthoughthetunnelwallata point15 inches
downstnsmof thetestsectionandwasattachedtoa mechanismfor
changingtheamgleof attack.

Pressuredistributionswereobtainedalongthe0°and180°meridians
of allthebodiesforanglesof attackfrom0° to 20°atMachnumbersfrom
0.30toO.go.Pressuredistributionswerealsoobtainedalongthe45°,
90°,and135°meridiansof theprolatespheroidsoffinenessratio5 and
10 at anangleof attackof 6°. we Reynoldsnumberforthesetests
vaied from170,000perinchat a Mach”numberof0.30to 384,000at a
Machnumberof 0.9.

coNl?lDENTwry
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PRECISION
,

Intheoperationofthe24-inchhigh-speedtunnelit isdifficult J{
to obtaindataatpredeterminedvaluesofMachnumber.Itwastherefore
necessaryto cross-plotthedatafromthevarioustestsinorderto
obtaindataat comparableMachnum~rs. Theestimatedinaccuracyof {
theresultingdatawas*O.Q1Oinpressurecoefficientand*O.005in
Machnumber.

Theinaccuracyin settingthezeroangle”of attackissmaU, since
thepressuresattheOo,900,1800,and~Oo meridianswereslmostthe
same.Changesinangleof attackcouldbe setwithinO.O1°.Themdel
deflectionwascalculatedtobe oftheorderof 1 percentoftheangle
of attack.

I

Wsll-interferencecorrectionsforthesebodies’weredeterminedby
themethodspresentedinreference7. At a Machnumberof0.90the
orderofmagnitudeof thesecorrectionswasl.00~ and1.007qforthe
fineness-ratio-10prolatespheroid.Sticethesecorrectionswerevery
smsll,theywerenotappliedto thedatareportedherein.

.

Pressuresmeasuredslongthetunnelwallsduringthesetestsshowed
thatthetunnelchokedon thesupportstrutabout15 inchesdownstream
ofthemodel.Thesemeasurementsshowedthatthechokingphenomenondid
notaffecttheconditionsatthetestsection.

KESULTSANDDISCUSSION

ExperimentalRetits
,

EffectofReynoldsnumber.-Datahavebeenobtainedfortheprolate
spheroidsoffinenessratio and10 intheLangley8-foothigh-speed
tunnel(refs.4 and9) atReynoldsnumbersfrom6.4x 106to13.1x 106,
sndintheLsngley24-inchhigh-speedtunnelatReynoldsnumbersfrom.
1.7x 10bto 3.8x106. A comparisonofth6sedataatMachnumbersof
0.7andO.9foran angleof attackof0° is shownirifigwre3(a).These
datasxeingoodagreementandindicatethatwithintherangeofthetests
theeffectofReynoldsnumberonthemeasuredpressuresis small.

The24-inch-tunnel dataon twobodiesoffinenessratio10 atan
angleof attackof10°arecompared.infigure3(b)atMachnumbersof
0.7and,O.9.Thesedataareinverygoodagreementexceptpossiblynear
thenoseon the1800meridianandneartherearofthebodyslongboth

comDENT@
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meridians.At therearofthebodythedisagreementis attributed
primarilytothevaryinginfluenceof thestingonthepressuresofthe
twomodelsandpossiblyto someReynoldsnumbereffects.Theresults
indicatethattheeffectsofReynoldsnumberon themeasuredpressure
distributionsqresmall.

EffectofMachnumber,angleofattack,andbodyshape.-Thegeneral
.effectsofMachnumber,bodyshape,andangleof attackforsllthebodies
testedme ~resented& figures”h,-5,6,and7. Forthefineness-ratio-3
prolatespheroid(fig.k(a)),thepressuredistributionsatMachnumbers
of0.30and0.60arealmostthesameat anglesof attackof 0°,10°,and
200. At a Machnumberof 0.90,thelocalvelocitiesalongthecentral
portionofthebodyareabovesonicforall-es of attackpresented
herein.At anangleof attackof 0°,the@ak pressuressreoccurring
neartheO.~station.Increasingtheangleofattackto10°causesthe .
pressurepeakto increaseandshiftforwardto aboutthe0.25station
alongthe180°meridian,andto shiftreaward to aboutthe0.70station
slorigthe0°meridian.At an angleof attackof 20°,thenegativepres-
surepeakisfurtherincreasedandshiftedawayfromthe0.50station.
IncreasingtheMachnumberfrom0.60to 0.90causesa decidedincrease
inthenegativepressurecoefficientsslongthecentrslportionofthe
bodyat allanglesof attack. \

Simil&effectsofMachnumberandangleof attacknotedforthe
fineness-ratio-3bodywerealsoobservedforthebodiesoffineness
ratio5 fid6“(figs.h(b)and4(c)),exceptthatthemagnitudeofthe
changesinpressurecoefficientdiminishesasthefinenessratiois
increased.

bcrea~ingthefinenessratioto 10,15,and20 causesa conttiued
decreaseintheeffect’ofMachnumberforconstantaagleof attack
(figs.h(d),4(e),and4(f)).Atariangleof attackof 0°,thepressure
coefficientsareapproachingzero.At anglesof.attackof10°and20°,
thepressuregradientsalongbothmeridiansofthebodiesdecreasewith
an increaseinfinenessratio.

ThesambgeneraltrendsofMachnumberandangleof attackas
observedforprolatespheroidsof finenessratio10 and15 arealso
obse~edfortheparabolicbody(fig.5),exceptthechangesinpressure
coefficientnearthenosesiresmallerasa resultofthedecreasedblunt-
nessof thenose.

AdditionaleffectsofnosebluntnessarerepresentedM figures6
‘and7. Theogive-cylinderbody(fig.6)hasa noseshapethatmightbe
considereda sharpenedversionof a fineness-ratio-6prolate-spheroid
nose. Thisnoseshapecauseda reductioninpressuregadientsnear
thenose,comparedtothefineness-ratio-6body. Thiswasnoted

coNFIDENTcm---~
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previouslyforthesharp-noseparabolicbody. Theminimumpre,ssureand
theeffectof increasingllachnumberfrom0.60to0.90weregreateron
theogive-cylinderbody. Theeffectofan increaseinangleofattack
wasto displacethepressqredistributionsalongbothmeridiansand
steepenthepressure~adientsnearthenosealongthe0°meridian.

Thebluntnessofthehemispherical-nosebodyproducedlargepressure
peaksthatareassociatedwitha sphericalshape(fig.7). Thesepeaks.
occuratallMachnumbersandaresomewhataheadofthejunctureofthe
hemisphericalnosewiththefineness-ratio-10afterbody.Theeffectof
increasingtheMachnumberfrom0.30to0.60isnegligible,butfurther
increasingtheMachnumberto0.90causesa decidedincreaseinthe
negativepressurepeakandproducesa rearwardmovementof thelow-
pressureregion,terminatedbya shocklocatednesrthe0.2~-body-length
station.Thiseffectwasalsonotedforthefineness-ratio-3prolate
spheroid.Withan increaseinangleof attackto10°and20°,ata Mach
numberof 0.9,thepressurecoefficientsalongthe1800meridianundergo
a reductioninpeakvsluescomparedtothezeroangle-of-attackcaseand
a rearwsr”detiensiontothelow-pressureregion.Alongthe0°meridian,
thepeaknegativepressurecoefficientsareconsiderablylowerthanat
an angleofattackof0° ata Machnunberof0.3butincreasewithan
increaseinMachnumber.

Predictionof ~compressiblePressureDistribution

Alongthe0° and180°Meridians

Zeroangleof attack.-Sincethetheoreticaldeterminationof com-
pressiblepressuredistributionsutilizestheincompressible’theory,it
isof interestto seehowwellthetheorypredictslow-speedpressure
distributions.A comparisonismadeinfigure8 betweenseveraltheo-
reticalpressuredistributionssndlow-speedexperimentalresultsfor
threeprolatespheroids.At anangleof attackof 0° (fig.8(a)),the
classicalpotentisltheory(forexample,ref~.8,9, and10)andthe
morerecentmethodofreference4 predictsimilarresultsalongtheentire
lengthsofthebodiesoffinenessratio6 and10butdivergenearthe
forwardandrearportionsofthefineness-ratio-3body. Thetheoretical
pressuredistributionsareinexcellentagreementwithexperimental. resuits.At therem partofthebody,thestingmaybe influencing
thepressures.Themethodofreference10,however,agreesmuchbetter
withexperimentaldatathanthemethodofreferencek.

Anglesof attack.-Thepressuredistributionsatanglesofattack
canbe predictedeitherdirectlyfromincompressibletheory(forexsmple,
ref.10 or 4),or indirectlyby addingtothezeroangle-of-attackpres--
suredistributiontheincrementinpressurecoefficientdueto angleof
attackAP obtainedfromlinearizedtheory(refs.11,12,and13).

————— —.— .—
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At anglesof attackof10°and20°(figs.8(b)and8(c)),theoretical.
pressuredistributionsobtainedby themethodsofreferences4 and10 and
a combination.ofreferences10 and12 arecompsxedwithexperimental
resultsfortheprolatespheroidsoffinenessratio3,6,and10~ As in
thezeroangle+f-attackcase,thethreetheoreticalmethodsarealmost
thesamealongthecentralportionofthefineness-ratio-3bodyandalong
theentirelengthsofthebodiesoffinenessratio6 and10.

Alongtheforwardportionofthe0°meridianof thefineness-ratio-3
body,experimentalpressurecoefficientsareinbetteragreementwiththe
pressurecoefficientspredictedby eitherthemethodof”reference10 or
themethodof a combinationofreferences10 and12 thanthemethodof
reference4. Alongtheforwardportionof the1800meridian,thetheories
donotpredicttheshapeofthepressuredistribution,thenegativep~s-
surepeakbeingmoreresrwsrdthanthetheorypredicts;however,the
theoryofreference10morenearlyapproachestheexpertientalresults.
Thisisprobablyduetoexceedingthelimitationsof applicabilityofthe
theory.

For”thebodiesoffinenessratio6 and10,at anglesof attackof
10°and20°(figs.8(b)and8(c)),thethreetheoreticalmethodspredict‘
approximatelythesamepressuredistributionandtheyareinexcellent
agreementwithexperimentalpressurecoefficientsalongthe0°meridian
andalongtheforwardportionof the180°meridian.Alopgtherear
portionofthe18oomeridian,thetheoreticalandexperimentalpressure
coefficientsbeg-into divergeforthefineness-ratio-10bodyatan angle
of attackof10°. Thisdivergencebecomesgreaterwhentheangleof
attackis increasedto 20°,whereit alsooccurson thefineness-ratio-6
body. Thedivergencebetweentheory&ndexperimentalongthe180°meridian
indicatesthatflowseparationisoccurring.

Thesecomparisonsindicatethat,at a Machnumbernearzero,the
methodofreference10 estimatesthepressuredistributionslongthe
ftieness-ratio-3bodyat an angleof attackof 0°betterthanthemethod
ofreference4 andthateithermethodis satisfactoryforthebodiesof
finenessratio6 or10. At anglesof attack,eitherthemethodofrefer-
ence10 or thecombinationof references10 and12willpredictthepres-
surecoefficientsalongthe0°meridianof thefineness-ratio-3bodywith
a fairdegreeof accuracy.Alongthe180°meridian,however,noneofthe
threetheoriesadequatelypredicttheshapeofthepressuredistribution.
Forbodiesoffinenessratio6 or10,thethreemethodswillaccurately
predictthepressuredistributionslongthe0° or180°meridiansofthe
body,exceptwhereflowseparation’occurs. ‘

..—- .—
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Predictionof SubsonicPressureDistribution

Alongthe00 andl~o Meridians

Theresrevariousmthodsavailableforcomputingthecompressible
pressuredistributiononbodiesof revolution.Thesemethodsutilize
eitherthelinearizedformoftheequationsforcompressibleflowor
correctionsfortheeffectsofMachnumberappliedtotheincompressible~
pressuredistributionitself.TheformerutilizesthePrandtl-Glauert
correctionappliedtotheincompressible-~otential-flowequations.This
method,as ill.ustratidinreference4, involvesstretchingthebodyin
thefree-stream@irection,computhgtheinduced-nlocitycomponentalong
thestretchedbodybypotentisl-flowmethods,~ aPPlY@3corrections
to theinducedvelocities.Thelattersolution,whichisrelativelyeasy
to compute,emploYs an exact calculation oft~ ~comressiblepres~ .
distribution(refs.8,9, and10)correctedto thedesiredMachnumber
bymesns of approximatecorrectionformula.m thepresentpaperythe
lattermethodwillbe used.

CorrectionsfortheeffectofMachnumber.-Theincompre’ss’iblepres-
suredistributionsobtainedtheoreticallyby themethodof reference10
(in fig.8) fortheprolatespheroidsof-f&ness ratio3,6,and10
havebeentranscribedintotheoreticalpressuredistributionsforallach
numberof0.90by usingtheslender-bodyandthick-bodyratiocorrections
andtheincrementalcorrectionsfrom-figuz%9 andtheresultsarepre-
sentedinfigures.10(a),10(b),and1O(C).Thecorrectionfo~~as ~e
a simplificationofthecompressible-pressure-coefficient
expressedasfunctionsofMachnumberandfinenessratio.
typecorrectionsPc/Pi,computedEy sixmethods(refs.4
aredividedintoslender-bodyandthick-bodycorrections.
bodycorrections,consistingoffourmethodswhichme in
withoneanother,areforuseonbodiesoffinenessratio

equations
‘I!heratio-
aua14to 16),
Theslender-
closeagreement
6 or greater

(refs.4 and14 tO 16). W thick-bodycorrections,consistingoftwo
methodswhichappro-tely duplicateeachother,me forusetiththick
bodies(refs.4 and15). Thetwogroupsgivewidelydifferentcorrection
factorsforthefineness-ratio-3body,butconvergew~n thef~e~ss ratio
is increased.

Theincremental-typecorrectionPc - Pi (fig.9)wascomputedby
themethodofreference,4fortheprolatespheroidsoffinenessratio3,
6, and10toprovidean approximatecoiqmessiblecorrectionforan incom-
pressiblepressuredistributionat anglesof attack.Thistypeof cor-
rectiontranslatesthewholepressuredistributionina negativedirection.

Theap~licationofthecorrectionformulascanbemadeby several
methodsof approach.Themethodsinclude:(1)theapplicationofthe
correctionformulasdirectlytotheincompressiblepressuredistribution

..coNFnlEm~”-’
.~ ~~
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obtainedtheoretically-atanyangleof attack;(2)theuseofthecor-
rectionformulaswitha combinationof AP andzeroangle-of-attack
theory;@ (3)theapplicationof thecorrectionformulastothelow-
speedexperimentalresults.(Thevsluesof AP aredeterminedfrom
cross-flowcomponentsandareconsideredindependentofMachnumber,
providedthecro-ss-flowvelocityis smallcomparedtothespeedof
sound. AP ‘doesnotincludeviscouseffects;seeref.12.)

Correctionformulasapplieddirectlyto incompressiblepressure
distributions.-Thefirstmethodispresentedinfigures10(a),10(b),
andlo(c),wheretheslender-body,thethick-body,andthe Pc - Pi
correctionshavebeenappliedto theticompressiblepress&edistributions
obtainedtheoreticallyfortheprolatespheroidsoffinenessratio3,6,
and10 atanglesof attackof0°,10°,and20°. At an angleof attackof
0° (fig.10(a)),forthefineness-ratio-3body,theagreementbetweenthe
experimentalpressuredistributionandthepressuredistributionpredicted
by thethreecorrectionmethodsispoor. Forthebodiesoffineness
ratio.6and10,thethreetheoreticalpressuredistributionsareinexcel-
lentsgreementwithexperimentalresultsalongthecentralpartof the
body. New thenoseandtail,thetheoreticalpressuredistributions,
usingthe Pc - Pi correction,divergefromtheothertwodistributions
andexpertient.Nearthetail,thestingip influencingtheexperimental
pressures.

.
At anangleof attackof10°(fig.10(b))forthefineness-ratio-3

body,thegeneralagreementbetweentheoryandexperimentisverypoor,
exceptslongtheforwardportiohofthe0°meridianwherethetheory,
usingthe Pc/Pi correction,is ingoodagreementwithexperiment.For
thebodiesoffinenessratio6 and10,the Pc -Pi correctiongivesthe
bestover-allagreementwithexperimentalresults;

Increasingtheangleof attackto 20°(fig.1O(C))causesthetheory
endexperimenttobecomenmredivergentforthefineness-ratio-3body.
Forthebodiesoffinenessratio6 and10,thetheo~,usingthe Pc - Pi
correction,is inexcelJentagreementwithexperimentallalongthe
0°meridian.Theagreementbetweenthetheoryandexperimentalongthe
l~” meridianisonlyfairnearthenoseandbecomesincreasinglypoor
towardtherearofthebodybecauseofflowseparation,aswasencountered
intheincompressiblecase.

~ genersl,figures10(a),10(b),and1O(C)showthat,by using
reference10,alongwitheitherPc/Pi correction,thepressure“distri-~
butionat0° angleofattackandMachnumber0.9canbe accuratelypre-
dictedforslenderbodies.Forthethickbody,thetheoreticalpredic-
tionsareinade~uakeataqangleofattackof0° andbecomemoredivergent
withan increaseinangleof attack,probablydueto thebodysize’andthe

commmm=j.—.._
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.

factthatlocalvelocitiesalongnmst-ofthebodyareabovesonicata
Machnumberof O.9. At anglesof attackup to 20°,thetheoretical
pressuredistribution,ushg the PC - Pi correction,acctiatelypre-
dictsthepressuresalongslenderbodies,excepttier-eseriousflow
separationO-ccurso

Correctionformulasappliedto a combinationof AP andzeroa@le-
of-attacktheo~”.- l’hepredictionof compressiblepressuredistributions
onbodiesatties of attackcm be madeby thesecondmethod.This
methodistheafilicationof thecorrection-formulasinconjunctionwith
AP (ref.12)and-zeroangle-of-attackincompressibletheory(ref.10).
Pressuredistributionspredictedby thismethod,usingeachof thetwo ,
formsof correctionformulas(fig.9),arepresentedinfigures10(d)
and10(e)fortheprolatespheroidsoffinenessratio3,6, and10 at
anglesof attackof10°and20°. !l?hetwotheoreticalpressuredistribu-
tionswereobtainedby correctingtheincompressiblezeroangle-of-attack
theoryofreference10 to a Machnumberof 0.90by Pc/Pi or Pc - Pi, ●

thenaddingto ittheincrementforangleof attackN (ref.12).

At anangleof attackof10°,forthefineness-ratio-3prolate~he- “
roid(fig.10(d)),thepressuredistributionscomputedby thesemethods
donotagreewithexperimentalresults.Forslenderbodiesoffineness
ratio6 and10,eitherofthemethodsgivesexcellentagreemntwith
experimentalongthebodyexceptnearthenoseofthel&1°meridian,
wherethetheoreticalmethod,using Pc/Pi,givesa betterprediction.
Foranangleof attackof 20°,thedisagreementbetweentheoryandexperi-
mentisgreater.Thetwotheoreticalmethodspredictthepressuresalong
the0°meridianof theslenderbodiesto aboutthesameaccuracy.Along
the180°meridian,however,theagreementbetweentheoryandexperiment
isonlyfairnesrthenoseandbecomesincreasinglypoortowardtherear
becauseofflowseparation.

Correctionformulasappliedtolow-speedexperimentalresults.-The
thirdmethodofpredictingcompressiblepressuredistributionsalong
bodiesofrevolu~ionistouse-thecorrectionformulasinconjunction
withlow-speedexperimentalresults.The Pc - Pi correctioncanbe
applieddirectlytolow-speedexpertientslresultsatanglesofattack,
orthe Pc/Pi correctioncanbe appliedtolow-speedexperimentalresults
at anangleof attackof 0° andaddedto theexperimentalAP toform
compressiblepressuredistributionsat anglesof attack.Pressuredis-
tributionspredictedinthismannerarepresentedinfigures10(f)end
,lO(g)fortheprolatespheroidsoffineness-ratio3,6, and10 at angles
of attackof10°and20°. Thepressure-distributionpredictonsat

~anglesof attackof10°and20°forthefineness-ratio-3bod areinpoor
~eement withexperimentalresults.Forthebodiesoffinenessratio6
and10,thepredictionsareingood~eement withexperiment,evenin
theregionof separatedflowalongthe180°meridian(figs.10(f)and

._——_ —- — ‘
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10(g)).Theregionof separatedflowwaspresentinthelow-speed
experimentalresults.,Thesetwoapplicationsof thecorrectionformulas
producedapproximatelythesamepressuredistribution.H general.,
especisJJywhereflowseparationexistsrpressuredistributionsathigh
subsonicspeedscanbemostaccuratelypredictedbyutilizinglow-speed
experimentalresults.

-Predictionof SubsonicPressureDistributions

AroundProlateSpheroids

Theincrementalexperimentalpressur~coefficientsdueto angleof
attackAP usedinfigures10(f)and7(g)topredictpressuredistri-
butionsalongthe0° and1800meridiansofprolatespheroidswerecon-
sideredindependentofMachnumber(ref.12). b figure11,theexperi-
mental.AP anditsvariationaroundtheprolatespheroidsoffineness
ratio5 and10 atan angleof attackof 60 arecomparedwiththetheo-
reticalAP (ref.12)forthe0.1,0.3,0.6,and0.9stations,atMach
numbersfrom0.30to 0.90.Forthefineness-ratio+body (fig.U.(a)),
theagreementbetweentheoryandexperimentisexcellentforthe0.1,
0.3,smd0.6stations.The0.9stationis int% influenceof thestingo supportandthereforeisnotexpectedto agreewiththeory.Thesame
agreementbetweentheoryandexperimentisnotedforthefineness-
ratio-10body(fig.n(b)). Theclosegroupingof thetestpointsfor
thevsriousMachnumbersindicatesthat‘AP isessentiallyconstant
throughouttheMachnumberrangepresentedhereandthattheorywill
predict& aroundthebodyatlowanglesof attack.

EffectofFinenessRatioandAngleofAttackon Separation
.

Sinceflowseparationhasbeenshownby theresultspresentedin
figures8 and10 tobe theprimaryfactorinfluencingtheagreementof
theoryandexperiment,itisof interesttoexaminetheeffectoffine-
nessratioandangleofattackon thelocationof separation.Theoreti-
calandexperimentalpressuredistributionsareshowninfi&re 12 for
theprolatespheroidsoffinenessratio6, 10,and20at anglesof attack
of100,l~”,and20°snda Machnumberof0.9. Thelocationof separation
isassumedtobe atthatstationwherethepositivepressure~adientof
thetheoreticalpressuredistribution’becomesappreciablygreaterthan
thatoftheexperimentalpressuredistribution.At anangleof attack
of10°thereisno evidenceof a separatedregionalongthe180°meridian
forthefineness-ratio-6prolatespheroid.Forthefineness-ratio-10
body,separationisbeginningtooccuraroundthe0.7station.Increasing
thefinenessratioto 20 causeBtheseparatedregiontomoveforwardto
approximatelythe0.1station.At ana&le of attackof l~”,separation
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.
existspossiblyalongthe1%0 meridianfortherearportionofthe
fineness-ratio-6body,endthissepsratedregionslxi$tsforwardasthe
finenessratioisincreased.Wcreas@ theangleof attackto 20°
causestheseparatedregiontomovefarthertowsrdthenoseforeach
of thebodies.Thisforwardmovementof theseparatedregionwithan
increaseh angleof attackislargefor.thethickbodybutdecreases
withan increaseinfinenessratiobecauseofthelargeseparatedregion
tieadypresenton thefineness-ratio-20body.

8’
I%edictionof Transonic

Alongthe0°and
RressureDistribution

180°Meridians

‘Zeroangle of attack.-ForMachnumbersnear1.0,no theoriesare
availabletopredictthepressuredistributionsslongbodies.‘Theonly
practicslmannerof estimatingthepressuredistributioninthisspeed
rangeistoextrapolatetheincompressibletheoryto subsonicMachnum-
bersapproaching1.0andto trytoapplylinear’supersonictheoriesat
low-supersonicMachnumbersnesx1.0,aswasdoneinreference3. The
theoreticaldistributionsthusderived(sameasref.3)arecompared
withexpertientalpressuredistributionsinfigure13fora modified .
parabolicbodyat an angleofattackof OO. The*experimentaldata
wereobtainedintheIangley8-foothigh-speedtunnel(ref.1)andby
thefreely-falling-bodytechnique(ref.3).

At Machnumbersof0.89snd0.97theexperimentaldataareingood
agreementwiththepressurespredictedby thesubsonictheory.(Nesx
thetailofthisbodypressuresmeasuredinthe8-foothigh-speedtunnel
exhibitsomeinfluenceof thestingmount.”)kcreasingtheMachnumber
to1.02causesa morepronouncedchangeintheshapeofthepressure
distribution,a pe~ beingdevelopedovertherearpartof thebody.
Thelevelofthefree-flightdatamaybe inerrorbecauseof a possible“
errorinthemeasurementofthereferencepressureasreportedinrefer-
ence3. Themeasureddataata Machnumberof 1.02werecompsredwith
theoreticaldistributionsat a Machnumberof 1.05andgoodagreement
wasobtained.IncreasingtheMachnumberto 1.11doesnotappreciably
changetheshapeofthedistributionsndthemy andexperimentremain
ingood~eement.

Anglesofattack.- Similardataforthemodifiedparabolicbodyat
anangleofattackof20°areshowninfigure14. Thetheoreticaldis-
tributionspresentedh thisfigurearethezeroangle-of-attackdis-
tributio~infigure13,plusan incrementinpressurecoefficientfor
theangle-of-attackeffectAP (ref.12). Theexperimentaldataare
fromtheLangley8-foothigh-speedtuqnel(ref.1).

.
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At a Machnumberof0.97theagreementbetweentheoryandexp?-ri-
mentis similarto thatpreviouslyshowninfigures10 and12fora
slenderprolatespheroidinwhichseparationpreventstheexpectedpres-
surerecovery&longthe180°meridian.kcreasingtheMachnumberto
0.99,1.02,and.1.11causesonlygradualad minorchangesintheshape
ofthepressuredistributionanda slightdecreasetithepressuresnear
therearportionoft4ebody. At Machnumbersof1.02and1.11.thetheo-
reticalandexperimentalpressuredistributionsare.in agreementalong
the0°meridian,exceptattherear,andindisagreementslongthe
180°meridian.Theresultsof thesecomparisonsbetweentheoryand
exper”tientshowthesameeffeqtsof separationinprodu~ disagree-
mentsasobservedat subsonicspeeds(figs.8,10,and12). ,

Experimentalvaluesof Al?wereevaluatedbyutilizingdatafor
anglesofattackofOo and200at a Machnumber’of 0.79(fromref.l)”.
Theseexperimentalvaluesof AP werethenaddedto thetheoretical
zeroangle-of-attackpressuredistributionsof figure13 to definethe
pressure-distributionpredictionsat anangleof attackof20°which
includetheeffectsofflowseparation(fig.14). Foreachtransonic
Machnumber,thepressuredistributionsobtainedby thismethodarein
excellentagreementwiththeexperimentalpressuresalongthe0°meiid-
ian. Thismethodalsosatisfactorilypredictsthepressuredistribution
alongthe180°meridianofthebodyintheregionof separatedflow.

PredictionofSubsonicandTransonicCircumferentialPressure

DistributionsAroundtheModifiedParabolicBody

Theincrementalpressurecoefficientsdueto &ngleofattackAP
andtheirvariationsaroundthemodifiedphrab.olicbodyat an angleof
attackof 12°arepresentedti,figure15. Theupperplotinfigure15is
forthe46-percentstation,whichisalsorepresentativeof flowconditions
forwardofthisstation.Theexperimentalvaluesof AP wereobtained
fromreferences1 and2 atMachnumbersof 0.6,0.9,0.99,and1.13and
arecomparedwiththetheoreticalvariationof & aroundthebody
(ref.12). Theagreementbetweentheory~d +rtient isverygood.

Thelowerplotinfigure15isforthe70-percentstationonthe
bodyandisrepresentativeof conditionsaroundthebodywhereflow
separationexists.Thedisagreementbetweentheoryandexperimentindi-
catesanappreciableextentof separationalongthe180°meridian.The
effectsof separationefiendaroundthesidesof thebodybeyondthe
90°meridian.Thesedataindicatethatthetheoryreasonablyestimates
theincrementalpressuresaroundthisbodyexceptwhereflowseparation
occurs. #
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Theclosegroupingof thetestpointsforthevariousMachnumbers
indicatesthereisno changeintheflowcharacteristicsthroughthe
transonicspeedrangeandthattheexperimentalvalueof AP at any
stationaroundthebodyremainsessentiallyconstantthroughthesub-
sonicsndtransonicMachnumberranges.Low-speedpressuremeasurements
on thebodyatthedesiredangleofattackcantherqforebe usedtopre-
diettheDressuredistributionatthecorrespendingpositiononthebody
attranso~cspeeds,eVenintheregionof

CONCLUSIONS

A comparisonofexperimentalpressure
pressuredistributionscomputedbyvaqious

sepsrated-flow.

distributionsandtheoretical
methodsforprolatespheroids

of finenessratiofrom3 to 20 atMachnumbersfrom0.3to 0.9andfora
slenderbodyoffinenessratio12 atlkchnumbersfrom0.6to1.13indi-
catedthefollowingconclusions:

1.At anangleof attackof 0° andoverthebottomof thebodyat
otheranglesof attack,thepressuredistributionsmaybe adequatelypre-
dictedat subsonicandtransonicspeedsby theuseof availabletheories.-.

2.Forconditionswhereflowseparationexists,pressuredistribu-
tionsathigh-subsonicand”transonicspeedscanbe predictedwithfair
accuracyby utilizinglow-speedexpertientalresults.

3.Separationoftheflowoccursoverthetopsideofthebodyat
anglesof attack,andthelocationof separationmovesforwardaseither
theangleof attack,or thefinenessratiois increased.

LangleyAeronauticalLaboratory
NationalAdvisoryCommittee

LsngleyField,Va.
forAeronautics
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TABLEI.-ORDINATESOFTHE-PHERICAL-NOSE, OGIVE-CYL~ER,

PARABOLIC,ANDMODIFIEDPARABOLICBODIES

Hemispherical-Ogive-cylinder Parabolic Modified
nose (RM-lo) Parabolic

x/2, r/1, x/1, r/~, x/2, r/1, x/z, rjl,
percentpercentpercentpercentpercentpercentpercentpercent

o 0 0 0 0 0 0 0
.455 2.836 1.11 .366 1.00 .132
.909 3.964 2.22

.50 .231
.722 2.00 .262 .75 .298

1;364 4.782 3.33 I.067 4.00 .516 1.25 .428
1.818 5.455 4.44 1.400 6.00 .Y6~. 2.50 .722
3.636 7.273 ;.;; 1.711 8.00 ● 997 5.00 L 205
5.454 8.327 2.333 10.00 1.225 7.50 1.613
7.273 8.909 11:11 3.100 15.00 L 756 10.00 1.gl
9.091 9.091 13.33 3.567 20.00 2.233 15.00 2.593
18.182 9.055 15.56 3.978 25.00 2.655 20.00 3.090
27.270 8.909 17.78 4.344- 30.00 3.023 25.00 3.465
36.364 8.673 20.00 4.800 40.00 3.597 30.00 3.741
45.455 8.327 22.20 4.933 50.00 3.954 35.00 3.932
54.545 7.873 27.78 5.389 60.00 4.093 40.00 4.063
63.636 7.273 33.33 ~.556 61.40 4.096 45.’00 4.142
72.727 6.491 50.00 5.556 70.00 3.999 50.00 4.167
81.818 5.455 75.00 5.556 ao.oo 3.691 55.00 4.129
90.910 3.964 100.00 5.556 90.00 3.137 60.00 -4.023
100.000 0 100.00 E!.487 65.00 3.~2

70.OQ 3.562
75.00 3.328

/ 80.00 2.526
85.00 I.852

1.125
g:E .438
100.00 -0
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PRESSUREDISTRIBUTIONSONBODIXS

M SUBSONICANDTRANSONIC
#

ByRichardI.Cole

OFREVOLUTION

SPEEDS
‘/

. .

Pressuredistributionsmeasuredalongprolatespheroidsoffineness
ratios3 to 20andalonga slenderbodyoffinenessratio12.arecompared
at subsonicandtrsnsonicspeedswithestimateddistributionsforseveral
@es of attack.Thecomparisonsshowedthatthe‘pressuredistributions
alongthebodiescanbepredictedwithf@r accuracy.

INTRODUCTION

Inresponseto recentdemandsforpressure-distributiondataon
bodiesof,revolutionathighsubsonicMachnumbersthrougha largeangle-
of-attackrange,an investigationhasbeenconductedintheLangley-
24-inchhigh-speedtunnelathigh-subsonicMachnumberson a seriesof
prolatespheroidsoffinenessratios3 to 20,atanglesof attackup to
20°. Otherbodiesof revolutiontestedinthisinvestigationwerethe
hemispherical-nosebody,theogive-cylinderbo~, andtheparabolicbody.‘

Thepurpose,ofthispaperistopresentexperimental.pressure-
distributiondatafromthe24-inch-tunnelinvestigationandfromrefer-
ences1 to 3 andto exsminetheadequacyofvariousexistimgmethodsfor
estimatingthesedata.A comparisonof 24-inch-tunneldataanddatafrom
references4 snd5 isalsopresmited.forReynoldsnumberevslmation.

SYMBOLS

f

z

M

finenessratio,2/*m (seefig.1)

totallengthofbasicbody(seefig.1)

free-streamMachnumber

~- co~”m’m_J’
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staticpressure

Pz - P~
pressurecoefficient,

!lS

incrementalpressurecoefficients
angleofattack,P - PGOO

pressurecoefficient

dynamicpressure

locslradiusofbody

at zeroangle

(seefig:1)

,

ata givenstationdueto

of attack

Reynoldsnumberbasedonbodylength

coordinatealongmajoraxisofbody(seefig.1)

angleof attack

polarangleaboutsxisof revolutionmeasuredfromvelocity-
approachdirection

Subscripts:

c compressiblevalue

Cr criticslvalue

i incompressiblevalue

2 locslconditions,asonmodelsurface

max msximumvslue

s free-stresmcondition‘

MODELS

Theprofiles,locationofpressureorifices,andotherpertinent
dataforthebodiestestedarepresentedinfigure1. Theordinatesof ‘
thehemispherical-nosebody,theogive-cylinderbody,theparabolicbody,
andthemodified-parobolicbodyarepresentedintableI.

coNFIDmmfii=—
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Themodelsweresupportedby a hollowstingwhichenclosedthe
leadsfromthesurface-pressureorifices.Thel-inch-diameterprolate
spheroid,thehemispherical-nosebody,andtheparabolicbodyhad14to
17pressureorificesinstald.edalongonemeridianinthemodelsurface
(seefig.1). Theogive-cylinderbodyhad15 surface-pressureorifices.
Thesmslldismeterof thestingonthe0.5-inch-diameterprolatespheroids
permittedonly8 orificeleadstobe passedthroughthesting.tiorder
toobt~ thecompletepressuredistributionforthesemodels,itwas
necessaryfirsttomeasurethepressuresat 8 orificeslocatedalongthe
rearportionof thebody,andthento repeatthetests,measurhgthe
pressuresat8 orificeslocatedslongtheforwardportionof thebody
inthessmemeridian.Theprolatespheroidsoffinenessratios3,5,
6,and10 (1-inch-diamderbody)hadorificeslocatedatmeridians90°
apartaroundthe25-percent-body-lengthstationinorderto checksymmetry.

APPARATUSANDTl?lsTs

ThetestsectionoftheLangley24-inch’high-speed,tunnel(ref.6),
whichwasoriginallycirculsr(24-inchdismeter),wasmodifiedby the
installationofflatsonthetunnelwalls.Theseflatsreducedthewidth
ofthetunnelatthetestsectionfrom24 inchesto 18 inchesandchanged
theshapeofthetestsectionfromcirculartoonemorenearlyapproaching
a rectangle.An enclosurewasinstalledaroundthetunnelsothatthedry
airfromtheinductionjetwouldmixwiththeaircontainedwithinthe
enclosureandtherebylowerthehumidityformorefavorabletesting
conditions.

Thetestsectionandmodelsupportapparatusareshowninfigure2.
Themodelstingwasattachedto a 3-tich-chord,10-percent-thicksupport
strut. Thisstrutextendedthoughthetunnelwallata point15 inches
downstnsmof thetestsectionandwasattachedtoa mechanismfor
changingtheamgleof attack.

Pressuredistributionswereobtainedalongthe0°and180°meridians
of allthebodiesforanglesof attackfrom0° to 20°atMachnumbersfrom
0.30toO.go.Pressuredistributionswerealsoobtainedalongthe45°,
90°,and135°meridiansof theprolatespheroidsoffinenessratio5 and
10 at anangleof attackof 6°. we Reynoldsnumberforthesetests
vaied from170,000perinchat a Mach”numberof0.30to 384,000at a
Machnumberof 0.9.

coNl?lDENTwry
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PRECISION
,

Intheoperationofthe24-inchhigh-speedtunnelit isdifficult J{
to obtaindataatpredeterminedvaluesofMachnumber.Itwastherefore
necessaryto cross-plotthedatafromthevarioustestsinorderto
obtaindataat comparableMachnum~rs. Theestimatedinaccuracyof {
theresultingdatawas*O.Q1Oinpressurecoefficientand*O.005in
Machnumber.

Theinaccuracyin setting thezeroangle”of attackissmaU, since
thepressuresattheOo,900,1800,and~Oo meridianswereslmostthe
same.Changesinangleof attackcouldbe setwithinO.O1°.Themdel
deflectionwascalculatedtobe oftheorderof 1 percentoftheangle
of attack.

I

Wsll-interferencecorrectionsforthesebodies’weredeterminedby
themethodspresentedinreference7. At a Machnumberof0.90the
orderofmagnitudeof thesecorrectionswasl.00~ and1.007qforthe
fineness-ratio-10prolatespheroid.Sticethesecorrectionswerevery
smsll,theywerenotappliedto thedatareportedherein.

.

Pressuresmeasuredslongthetunnelwallsduringthesetestsshowed
thatthetunnelchokedon thesupportstrutabout15 inchesdownstream
ofthemodel.Thesemeasurementsshowedthatthechokingphenomenondid
notaffecttheconditionsatthetestsection.

KESULTSANDDISCUSSION

ExperimentalRetits
,

EffectofReynoldsnumber.-Datahavebeenobtainedfortheprolate
spheroidsoffinenessratio and10 intheLangley8-foothigh-speed
tunnel(refs.4 and ~) atReynoldsnumbersfrom6.4x 106to13.1x 106,
sndintheLsngley24-inchhigh-speedtunnelatReynoldsnumbersfrom.
1.7x 10bto 3.8x106. A comparisonofth6sedataatMachnumbersof
0.7andO.9foran angleof attackof0° is shownirifigwre3(a).These
datasxeingoodagreementandindicatethatwithintherangeofthetests
theeffectofReynoldsnumberonthemeasuredpressuresis small.

The21-inch-tunnel data on two bodies of fineness ratio 10 at m
angle of attackof10°arecompared.infigure3(b)atMachnumbersof
0.7and,O.9.Thesedataareinverygoodagreementexceptpossiblynear
thenoseon the1800meridianandneartherearofthebodyslongboth

comDENT@
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meridians.At therearofthebodythedisagreementis attributed
primarilytothevaryinginfluenceof thestingonthepressuresofthe
twomodelsandpossiblyto someReynoldsnumbereffects.Theresults
indicatethattheeffectsofReynoldsnumberon themeasuredpressure
distributionsqresmall.

EffectofMachnumber,angleofattack,andbodyshape.-Thegeneral
.effectsofMachnumber,bodyshape,andangleof attackforsllthebodies
testedsre~resentedb figures”h,-5,6,and7. Forthefineness-ratio-3
prolatespheroid(fig.k(a)),thepressuredistributionsatMachnumbers
of0.30and0.60arealmostthesameat anglesof attackof 0°,10°,and
200. At a Machnumberof 0.90,thelocalvelocitiesalongthecentral
portionofthebodyareabovesonicforall-es of attackpresented
herein.At anangleof attackof 0°,the@ak pressuressreoccurring
neartheO.~station.Increasingtheangleofattackto10°causesthe .
pressurepeakto increaseandshiftforwardto aboutthe0.25station
alongthe180°meridian,andto shiftreaward to aboutthe0.70station
slorigthe0°meridian.At an angleof attackof 20°,thenegativepres-
surepeakisfurtherincreasedandshiftedawayfromthe0.50station.
IncreasingtheMachnumberfrom0.60to 0.90causesa decidedincrease
inthenegativepressurecoefficientsslongthecentrslportionofthe
bodyat allanglesof attack. \

SimildeffectsofMachnumberandangleof attacknotedforthe
fineness-ratio-3bodywerealsoobservedforthebodiesoffineness
ratio5 fid6“(figs.h(b)and4(c)),exceptthatthemagnitudeofthe
changesinpressurecoefficientdiminishesasthefinenessratiois
increased.

bcrea~ingthefinenessratioto 10,15,and20 causesa conttiued
decreaseintheeffect’ofMachnumberforconstantaagleof attack
(figs.h(d),4(e),and4(f)).Atariangleof attackof 0°,thepressure
coefficientsareapproachingzero.At anglesof.attackof10°and20°,
thepressuregradientsalongbothmeridiansofthebodiesdecreasewith
an increaseinfinenessratio.

ThesambgeneraltrendsofMachnumberandangleof attackas
observedforprolatespheroidsof finenessratio10 and15 arealso
obse~edfortheparabolicbody(fig.5),exceptthechangesinpressure
coefficientnearthenosesiresmallerasa resultofthedecreasedblunt-
nessof thenose.

AdditionaleffectsofnosebluntnessarerepresentedM figures6
‘and7. Theogive-cylinderbody(fig.6)hasa noseshapethatmightbe
considereda sharpenedversionof a fineness-ratio-6prolate-spheroid
nose. Thisnoseshapecauseda reductioninpressuregadientsnear
thenose,comparedtothefineness-ratio-6body. Thiswasnoted

coNFIDENTcm---~
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previouslyforthesharp-noseparabolicbody. Theminimumpre,ssureand
theeffectof increasingllachnumberfrom0.60to0.90weregreateron
theogive-cylinderbody. Theeffectofan increaseinangleofattack
wasto displacethepressqredistributionsalongbothmeridiansand
steepenthepressure~adientsnearthenosealongthe0°meridian.

Thebluntnessofthehemispherical-nosebodyproducedlargepressure
peaksthatareassociatedwitha sphericalshape(fig.7). Thesepeaks.
occuratallMachnumbersandaresomewhataheadofthejunctureofthe
hemisphericalnosewiththefineness-ratio-10afterbody.Theeffectof
increasingtheMachnumberfrom0.30to0.60isnegligible,butfurther
increasingtheMachnumberto0.90causesa decidedincreaseinthe
negativepressurepeakandproducesa rearwardmovementof thelow-
pressureregion,terminatedbya shocklocatednesrthe0.2~-body-length
station.Thiseffectwasalsonotedforthefineness-ratio-3prolate
spheroid.Withan increaseinangleof attackto10°and20°,ata Mach
numberof 0.9,thepressurecoefficientsalongthe1800meridianundergo
a reductioninpeakvsluescomparedtothezeroangle-of-attackcaseand
a rearwsr”detiensiontothelow-pressureregion.Alongthe0°meridian,
thepeaknegativepressurecoefficientsareconsiderablylowerthanat
an angleofattackof0° ata Machnunberof0.3butincreasewithan
increaseinMachnumber.

Predictionof ~compressiblePressureDistribution

Alongthe0° and180°Meridians

Zeroangleof attack.-Sincethetheoreticaldeterminationof com-
pressiblepressuredistributionsutilizestheincompressible’theory,it
isof interestto seehowwellthetheorypredictslow-speedpressure
distributions.A comparisonismadeinfigure8 betweenseveraltheo-
reticalpressuredistributionssndlow-speedexperimentalresultsfor
threeprolatespheroids.At anangleof attackof 0° (fig.8(a)),the
classicalpotentisltheory(forexample,ref~.8,9, and10)andthe
morerecentmethodofreference4 predictsimilarresultsalongtheentire
lengthsofthebodiesoffinenessratio6 and10butdivergenearthe
forwardandrearportionsofthefineness-ratio-3body. Thetheoretical
pressuredistributionsareinexcellentagreementwithexperimental. resuits.At therem partofthebody,thestingmaybe influencing
thepressures.Themethodofreference10,however,agreesmuchbetter
withexperimentaldatathanthemethodofreferencek.

Anglesof attack.-Thepressuredistributionsatanglesofattack
canbe predictedeitherdirectlyfromincompressibletheory(forexsmple,
ref.10 or 4),or indirectlyby addingtothezeroangle-of-attackpres--
suredistributiontheincrementinpressurecoefficientdueto angleof
attackAP obtainedfromlinearizedtheory(refs.11,12,and13).

————— —.— .—
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At anglesof attackof10°and20°(figs.8(b)and8(c)),theoretical.
pressuredistributionsobtainedby themethodsofreferences4 and10 and
a combination.ofreferences10 and12 arecompsxedwithexperimental
resultsfortheprolatespheroidsoffinenessratio3,6,and10~ As in
thezeroangle+f-attackcase,thethreetheoreticalmethodsarealmost
thesamealongthecentralportionofthefineness-ratio-3bodyandalong
theentirelengthsofthebodiesoffinenessratio6 and10.

Alongtheforwardportionofthe0°meridianof thefineness-ratio-3
body,experimentalpressurecoefficientsareinbetteragreementwiththe
pressurecoefficientspredictedby eitherthemethodof”reference10 or
themethodof a combinationofreferences10 and12 thanthemethodof
reference4. Alongtheforwardportionof the1800meridian,thetheories
donotpredicttheshapeofthepressuredistribution,thenegativep~s-
surepeakbeingmoreresrwsrdthanthetheorypredicts;however,the
theoryofreference10morenearlyapproachestheexpertientalresults.
Thisisprobablyduetoexceedingthelimitationsof applicabilityofthe
theory.

For”thebodiesoffinenessratio6 and10,at anglesof attackof
10°and20°(figs.8(b)and8(c)),thethreetheoreticalmethodspredict‘
approximatelythesamepressuredistributionandtheyareinexcellent
agreementwithexperimentalpressurecoefficientsalongthe0°meridian
andalongtheforwardportionof the180°meridian.Alopgtherear
portionofthe18oomeridian,thetheoreticalandexperimentalpressure
coefficientsbeg-into divergeforthefineness-ratio-10bodyatan angle
of attackof10°. Thisdivergencebecomesgreaterwhentheangleof
attackis increasedto 20°,whereit alsooccurson thefineness-ratio-6
body. Thedivergencebetweentheory&ndexperimentalongthe180°meridian
indicatesthatflowseparationisoccurring.

Thesecomparisonsindicatethat,at a Machnumbernearzero,the
methodofreference10 estimatesthepressuredistributionslongthe
fineness-ratio-sbodyat an angleof attackof 0°betterthanthemethod
ofreference4 andthateithermethodis satisfactoryforthebodiesof
finenessratio6 or10. At anglesof attack,eitherthemethodofrefer-
ence10 or thecombinationof references10 and12willpredictthepres-
surecoefficientsalongthe0°meridianof thefineness-ratio-3bodywith
a fairdegreeof accuracy.Alongthe180°meridian,however,noneofthe
threetheoriesadequatelypredicttheshapeofthepressuredistribution.
Forbodiesoffinenessratio6 or10,thethreemethodswillaccurately
predictthepressuredistributionslongthe0° or180°meridiansofthe
body,exceptwhereflowseparation’occurs. ‘
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Predictionof SubsonicPressureDistribution

Alongthe00 andl~o Meridians

Theresrevariousmthodsavailableforcomputingthecompressible
pressuredistributiononbodiesof revolution.Thesemethodsutilize
eitherthelinearizedformoftheequationsforcompressibleflowor
correctionsfortheeffectsofMachnumberappliedtotheincompressible~
pressuredistributionitself.TheformerutilizesthePrandtl-Glauert
correctionappliedtotheincompressible-~otential-flowequations.This
method,as ill.ustratidinreference4, involvesstretchingthebodyin
thefree-stream@irection,computhgtheinduced-nlocitycomponentalong
thestretchedbodybypotentisl-flowmethods,~ aPPlY@3corrections
to theinducedvelocities.Thelattersolution,whichisrelativelyeasy
to compute,emploYsanexactcalculationoft~ ~comressiblepres~ .
distribution(refs.8,9, and10)correctedto thedesiredMachnumber
bymesnsof approximatecorrectionformula.m thepresentpaperythe
lattermethodwillbe used.

CorrectionsfortheeffectofMachnumber.-Theincompre’ss’iblepres-
suredistributionsobtainedtheoreticallyby themethodof reference10
(infig.8)fortheprolatespheroidsof-fkness ratio3, 6, and10
havebeentranscribedintotheoreticalpressuredistributionsforallach
numberof0.90by usingtheslender-bodyandthick-bodyratiocorrections
andtheincremental.correctionsfrom-figuz%9 andtheresultsarepre-
sentedinfigures.10(a),10(b),and1O(C).Thecorrectionfo~~as ~e
a simplificationofthecompressible-pressure-coefficient
expressedasfunctionsofMachnumberandfinenessratio.
typecorrectionsPc/Pi,computedEy sixmethods(refs.4
aredividedintoslender-bodyandthick-bodycorrections.
bodycorrections,consistingoffourmethodswhichme in
withoneanother,areforuseonbodiesoffinenessratio

equations
‘I!he ratio-

aua 14to16),
The slender-
closeagreement
6 or greater

(refs.4 and14 tO16). Thethick-bodycorrections,consistingoftwo
methodswhichappro-tely duplicateeachother,me forusetiththick
bodies(refs.4 and15). Thetwogroupsgivewidelydifferentcorrection
factorsforthefineness-ratio-3body,butconvergew~n thef~e~ss ratio
is increased.

Theincremental-typecorrectionPc - Pi (fig.9)wascomputedby
themethodofreference,4fortheprolatespheroidsoffinenessratio3,
6, and10toprovidean approximatecoiqmessiblecorrectionforan incom-
pressiblepressuredistributionat anglesof attack.Thistypeof cor-
rectiontranslatesthewholepressuredistributionina negativedirection.

Theap~licationofthecorrectionformulascanbemadeby several
methodsof approach.Themethodsinclude:(1)theapplicationofthe
correctionformulasdirectlytotheincompressiblepressuredistribution

..coNFnlEm~”-’
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obtainedtheoretically-atanyangleof attack;(2)theuseofthecor-
rectionformulaswitha combinationof AP andzeroangle-of-attack
theory;@ (3)theapplicationof thecorrectionformulastothelow-
speedexperimentalresults.(Thevsluesof AP aredeterminedfrom
cross-flowcomponentsandareconsideredindependentofMachnumber,
providedthecro-ss-flowvelocityis smallcomparedtothespeedof
sound. AP ‘doesnotincludeviscouseffects;seeref.12.)

Correctionformulasapplieddirectlyto incompressiblepressure
distributions.-Thefirstmethodispresentedinfigures10(a),10(b),
andlo(c),wheretheslender-body,thethick-body,andthe Pc - Pi
correctionshavebeenappliedto theticompressiblepres=e distributions
obtainedtheoreticallyfortheprolatespheroidsoffinenessratio3,6,
and10 atanglesof attackof0°,10°,and20°. At an angleof attackof
0° (fig.10(a)),forthefineness-ratio-3body,theagreementbetweenthe
experimentalpressuredistributionandthepressuredistributionpredicted
by thethreecorrectionmethodsispoor. Forthebodiesoffineness
ratio.6and10,thethreetheoreticalpressuredistributionsareinexcel-
lentsgreementwithexperimentalresultsalongthecentralpartof the
body. New thenoseandtail,thetheoreticalpressuredistributions,
usingthe Pc - Pi correction,divergefromtheothertwodistributions
andexpertient.Nearthetail,thestingip influencingtheexperimental
pressures.

.
At anangleof attackof10°(fig.10(b))forthefineness-ratio-3

body,thegeneralagreementbetweentheoryandexperimentisverypoor,
exceptslongtheforwardportiohofthe0°meridianwherethetheory,
usingthe Pc/Pi correction,is ingoodagreementwithexperiment.For
thebodiesoffinenessratio6 and10,the Pc -Pi correctiongivesthe
bestover-allagreementwithexperimentalresults;

Increasingtheangleof attackto 20°(fig.1O(C))causesthetheory
endexperimenttobecomenmredivergentforthefineness-ratio-3body.
Forthebodiesoffinenessratio6 and10,thetheo~,usingthe Pc - Pi
correction,is inexce~entagreementwithexperimentallalongthe
0°meridian.Theagreementbetweenthetheoryandexperimentalongthe
l~” meridianisonlyfairnearthenoseandbecomesincreasinglypoor
towardtherearofthebodybecauseofflowseparation,aswasencountered
intheincompressiblecase.

~ genersl,figures10(a),10(b),and1O(C)showthat,by using
reference10,alongwitheitherPc/Pi correction,thepressure“distri-~
butionat0° angleofattackandMachnumber0.9canbe accuratelypre-
dictedforslenderbodies.Forthethickbody,thetheoreticalpredic-
tionsareinade~uakeataqangleofattackof0° andbecomemoredivergent
withan increaseinangleof attack,probablydueto thebodysize’andthe

commmm=j.—.._
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factthatlocalvelocitiesalongnmst-ofthebodyareabovesonicata
Machnumberof O.9. At anglesof attackup to 20°,thetheoretical
pressuredistribution,ushg the PC - Pi correction,acctiatelypre-
dictsthepressuresalongslenderbodies,excepttier-eseriousflow
separationO-ccurso

Correctionformulasappliedto a combinationof AP andzeroa@le-
of-attacktheo~”.- l’hepredictionof compressiblepressuredistributions
onbodiesatties of attackcm be madeby thesecondmethod.This
methodistheafilicationof thecorrection-formulasinconjunctionwith
AP (ref.12)and-zeroangle-of-attackincompressibletheory(ref.10).
Pressuredistributionspredictedby thismethod,usingeachof thetwo ,
formsof correctionformulas(fig.9),arepresentedinfigures10(d)
and10(e)fortheprolatespheroidsoffinenessratio3,6, and10 at
anglesof attackof10°and20°. !l?hetwotheoreticalpressuredistribu-
tionswereobtainedby correctingtheincompressiblezeroangle-of-attack
theoryofreference10 to a Machnumberof 0.90by Pc/Pi or Pc - Pi, ●

thenaddingto ittheincrementforangleof attackN (ref.12).

At anangleof attackof10°,forthefineness-ratio-3prolate~he- “
roid(fig.10(d)),thepressuredistributionscomputedby thesemethods
donotagreewithexperimentalresults.Forslenderbodiesoffineness
ratio6 and10,eitherofthemethodsgivesexcellentagreemntwith
experimentalongthebodyexceptnearthenoseofthel~” meridian,
wherethetheoreticalmethod,using Pc/Pi,givesa betterprediction.
Foranangleof attackof 20°,thedisagreementbetweentheoryandexperi-
mentisgreater.Thetwotheoreticalmethodspredictthepressuresalong
the0°meridianof theslenderbodiesto aboutthesameaccuracy.Along
the180°meridian,however,theagreementbetweentheoryandexperiment
isonlyfairnesrthenoseandbecomesincreasinglypoortowardtherear
becauseofflowseparation.

Correctionformulasappliedtolow-speedexperimentalresults.-The
thirdmethodofpredictingcompressiblepressuredistributionsalong
bodiesofrevolu~ionistouse-thecorrectionformulasinconjunction
withlow-speedexperimentalresults.The Pc - Pi correctioncanbe
applieddirectlytolow-speedexpertientslresultsatanglesofattack,
orthe Pc/Pi correctioncanbe appliedtolow-speedexperimentalresults
at anangleof attackof 0° andaddedto theexperimentalAP toform
compressiblepressuredistributionsat anglesof attack.Pressuredis-
tributionspredictedinthismannerarepresentedinfigures10(f)end
,lO(g)fortheprolatespheroidsoffineness-ratio3,6, and10 at angles
of attackof10°and20°. Thepressure-distributionpredictonsat

~anglesof attackof10°and20°forthefineness-ratio-3bod areinpoor
~eement withexperimentalresults.Forthebodiesoffinenessratio6
and10,thepredictionsareingood~eement withexperiment,evenin
theregionof separatedflowalongthe180°meridian(figs.10(f)and

._——_ —- — ‘
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10(g)).Theregionof separatedflowwaspresentinthelow-speed
experimentalresults.,Thesetwoapplicationsof thecorrectionformulas
producedapproximatelythesamepressuredistribution.H general.,
especisXlywhereflowseparationexistsrpressuredistributionsathigh
subsonicspeedscanbemostaccuratelypredictedbyutilizinglow-speed
experimentalresults.

-Predictionof SubsonicPressureDistributions

AroundProlateSpheroids

Theincrementalexperimentalpressur~coefficientsdueto angleof
attackAP usedinfigures10(f)and7(g)topredictpressuredistri-
butionsalongthe0° and1800meridiansofprolatespheroidswerecon-
sideredindependentofMachnumber(ref.12). b figure11,theexperi-
mental.AP anditsvariationaroundtheprolatespheroidsoffineness
ratio5 and10 atan angleof attackof 60 arecomparedwiththetheo-
reticalAP (ref.12)forthe0.1,0.3,0.6,and0.9stations,atMach
numbersfrom0.30to 0.90.Forthefineness-ratio+body (fig.U.(a)),
theagreementbetweentheoryandexperimentisexcellentforthe0.1,
0.3,smd0.6stations.The0.9stationis int% influenceof thestingo supportandthereforeisnotexpectedto agreewiththeory.Thesame
agreementbetweentheoryandexperimentisnotedforthefineness-
ratio-10body(fig.n(b)). Theclosegroupingof thetestpointsfor
thevsriousMachnumbersindicatesthat‘AP isessentiallyconstant
throughouttheMachnumberrangepresentedhereandthattheorywill
predictAP aroundthebodyatlowanglesof attack.

EffectofFinenessRatioandAngleofAttackon Separation
.

Sinceflowseparationhasbeenshownby theresultspresentedin
figures8 and10 tobe theprimaryfactorinfluencingtheagreementof
theoryandexperiment,itisof interesttoexaminetheeffectoffine-
nessratioandangleofattackon thelocationof separation.Theoreti-
calandexperimentalpressuredistributionsareshowninfi~ 12 for
theprolatespheroidsoffinenessratio6, 10,and20at anglesof attack
of100,15°,and20°snda Machnumberof0.9. Thelocationof separation
isassumedtobe atthatstationwherethepositivepressure~adientof
thetheoreticalpressuredistribution’becomesappreciablygreaterthan
thatoftheexperimentalpressuredistribution.At anangleof attack
of10°thereisno evidenceof a separatedregionalongthe180°meridian
forthefineness-ratio-6prolatespheroid.Forthefineness-ratio-10
body,separationisbeginningtooccuraroundthe0.7station.Increasing
thefinenessratioto 20 causeBtheseparatedregiontomoveforwardto
approximatelythe0.1station.At an@e of attackof l~”,separation

-coNFmENTiTj...—
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.
existspossiblyalongthe1%0 meridianfortherearportionofthe
fineness-ratio-6body,endthissepsratedregionslxi$tsforwardasthe
finenessratioisincreased.Wcreas@ theangleof attackto 20°
causestheseparatedregiontomovefarthertowsrdthenoseforeach
of thebodies.Thisforwardmovementof theseparatedregionwithan
increaseh angleof attackislargefor.thethickbodybutdecreases
withan increaseinfinenessratiobecauseofthelargeseparatedregion
tieadypresenton thefineness-ratio-20body.

8’
I%edictionof Transonic

Alongthe0° and

RressureDistribution

180°Meridians
‘Zeroangle of attack.-ForMachnumbersnear1.0,no theoriesare

availabletopredictthepressuredistributionsslongbodies.‘Theonly
practicslmannerof estimatingthepressuredistributioninthisspeed
rangeistoextrapolatetheincompressibletheoryto subsonicMachnum-
bersapproaching1.0andto trytoapplylinear’supersonictheoriesat
low-supersonicMachnumbersnesx1.0,aswasdoneinreference3. The
theoreticaldistributionsthusderived(sameasref.3)arecompared
withexpertientalpressuredistributionsinfigure13fora modified .
parabolicbodyat an angleofattackof OO. The*experimentaldata
wereobtainedintheIangley8-foothigh-speedtunnel(ref.1)andby
thefreely-falling-bodytechnique(ref.3).

At Machnumbersof0.89snd0.97theexperimentaldataareingood
agreementwiththepressurespredictedby thesubsonictheory.(Nesx
thetailofthisbodypressuresmeasuredinthe8-foothigh-speedtunnel
exhibitsomeinfluenceof thestingmount.”)kcreasingtheMachnumber
to1.02causesa morepronouncedchangeintheshapeofthepressure
distribution,a pe~ beingdevelopedovertherearpartof thebody.
Thelevelofthefree-flightdatamaybe inerrorbecauseof a possible“
errorinthemeasurementofthereferencepressureasreportedinrefer-
ence3. Themeasureddataata Machnumberof 1.02werecompsredwith
theoreticaldistributionsat a Machnumberof 1.05andgoodagreement
wasobtained.IncreasingtheMachnumberto 1.11doesnotappreciably
changetheshapeofthedistributionsndthemy andexperimentremain
ingood~eement.

Anglesofattack.- Similardataforthemodifiedparabolicbodyat
anangleofattackof20°areshowninfigure14. Thetheoreticaldis-
tributionspresentedh thisfigurearethezeroangle-of-attackdis-
tributio~infigure13,plusan incrementinpressurecoefficientfor
theangle-of-attackeffectAP (ref.12). Theexperimentaldataare
fromtheLangley8-foothigh-speedtuqnel(ref.1).

.
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At a Machnumberof0.97theagreementbetweentheoryandexp?-ri-
mentis similarto thatpreviouslyshowninfigures10 and12fora
slenderprolatespheroidinwhichseparationpreventstheexpectedpres-
surerecovery&longthe180°meridian.kcreasingtheMachnumberto
0.99,1.02,and.1.11causesonlygradualad minorchangesintheshape
ofthepressuredistributionanda slightdecreasetithepressuresnear
therearportionoft4ebody. At Machnumbersof1.02and1.11.thetheo-
reticalandexperimentalpressuredistributionsare.in agreementalong
the0°meridian,exceptattherear,andindisagreementslongthe
180°meridian.Theresultsof thesecomparisonsbetweentheoryand
exper”tientshowthesameeffeqtsof separationinprodu~ disagree-
mentsasobservedat subsonicspeeds(figs.8,10,and12). ,

Experimentalvaluesof Al?wereevaluatedbyutilizingdatafor
anglesofattackofOo and200at a Machnumber’of 0.79(fromref.l)”.
Theseexperimentalvaluesof AP werethenaddedto thetheoretical
zeroangle-of-attackpressuredistributionsof figure13 to definethe
pressure-distributionpredictionsat anangleof attackof20°which
includetheeffectsofflowseparation(fig.14). Foreachtransonic
Machnumber,thepressuredistributionsobtainedby thismethodarein
excellentagreementwiththeexperimentalpressuresalongthe0°meiid-
ian. Thismethodalsosatisfactorilypredictsthepressuredistribution
alongthe180°meridianofthebodyintheregionof separatedflow.

PredictionofSubsonicandTransonicCircumferentialPressure

DistributionsAroundtheModifiedParabolicBody

Theincrementalpressurecoefficientsdueto ~gle ofattackAP
andtheirvariationsaroundthemodifiedphrab.olicbodyat an angleof
attackof 12°arepresentedti,figure15. Theupperplotinfigure15is
forthe46-percentstation,whichisalsorepresentativeof flowconditions
forwardofthisstation.Theexperimentalvaluesof AP wereobtained
fromreferences1 and2 atMachnumbersof 0.6,0.9,0.99,and1.13and
arecomparedwiththetheoreticalvariationof AP aroundthebody
(ref.12). Theagreementbetweentheory~d +rtient isverygood.

Thelowerplotinfigure15is forthe70-percentstationonthe
bodyandisrepresentativeof conditionsaroundthebodywhereflow
separationexists.Thedisagreementbetweentheoryandexperimentindi-
catesanappreciableextentof separationalongthe180°meridian.The
effectsof separationefiendaroundthesidesof thebodybeyondthe
90°meridian.Thesedataindicatethatthetheoryreasonablyestimates
theincrementalpressuresaroundthisbodyexceptwhereflowseparation
occurs. #
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Theclosegroupingof thetestpointsforthevariousMachnumbers
indicatesthereisno changeintheflowcharacteristicsthroughthe
transonicspeedrangeandthattheexperimentalvalueof AP at any
stationaroundthebodyremainsessentiallyconstantthroughthesub-
sonicsndtransonicMachnumberranges.Low-speedpressuremeasurements
on thebodyatthedesiredangleofattackcantherqforebe usedtopre-
diettheDressuredistributionatthecorrespendingpositiononthebody
attranso~cspeeds,eVenintheregionof

CONCLUSIONS

A comparisonofexperimentalpressure
pressuredistributionscomputedbyvaqious

sepsrated-flow.

distributionsandtheoretical
methodsforprolatespheroids

of finenessratiofrom3 to 20 atMachnumbersfrom0.3to 0.9andfora
slenderbodyoffinenessratio12 atlkchnumbersfrom0.6to1.13indi-
catedthefollowingconclusions:

1.At anangleof attackof 0° andoverthebottomof thebodyat
otheranglesof attack,thepressuredistributionsmaybe adequatelypre-
dictedat subsonicandtransonicspeedsby theuseof availabletheories.-.

2.Forconditionswhereflowseparationexists,pressuredistribu-
tionsathigh-subsonicand”transonicspeedscanbe predictedwithfair
accuracyby utilizinglow-speedexpertientalresults.

3.Separationoftheflowoccursoverthetopsideofthebodyat
anglesof attack,andthelocationof separationmovesforwardaseither
theangleof attack,or thefinenessratiois increased.

LangleyAeronauticalLaboratory
NationalAdvisoryCommittee

LsngleyField,Va.
forAeronautics
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TABLEI.-ORDINATESOFTHE-PHERICAL-NOSE, OGIVE-CYL~ER,

PARABOLIC,ANDMODIFIEDPARABOLICBODIES

Hemispherical-Ogive-cylinder Parabolic Modified
nose (RM-lo) Parabolic

x/2, r/1, x/1, r/~, x/2, r/1, x/z, rjl,
percentpercentpercentpercentpercentpercentpercentpercent

o 0 0 0 0 0 0 0
.455 2.836 1.11 .366 1.00 .132
.909 3.964 2.22

.50 .231
.722 2.00 .262 .75 .298

1;364 4.782 3.33 I.067 4.00 .516 1.25 .428
1.818 5.455 4.44 1.400 6.00 .Y6~. 2.50 .722
3.636 7.273 ;.;; 1.711 8.00 ● 997 5.00 L 205
5.454 8.327 2.333 10.00 1.225 7.50 1.613
7.273 8.909 11:11 3.100 15.00 L 756 10.00 1.gl
9.091 9.091 13.33 3.567 20.00 2.233 15.00 2.593
18.182 9.055 15.56 3.978 25.00 2.655 20.00 3.090
27.270 8.909 17.78 4.344- 30.00 3.023 25.00 3.465
36.364 8.673 20.00 4.800 40.00 3.597 30.00 3.741
45.455 8.327 22.20 4.933 50.00 3.954 35.00 3.932
54.545 7.873 27.78 5.389 60.00 4.093 40.00 4.063
63.636 7.273 33.33 ~.556 61.40 4.096 45.’00 4.142
72.727 6.491 50.00 5.556 70.00 3.999 50.00 4.167
81.818 5.455 75.00 5.556 ao.oo 3.691 55.00 4.129
90.910 3.964 100.00 5.556 90.00 3.137 60.00 -4.023
100.000 0 100.00 E!.487 65.00 3.@12

70.OQ 3.562
75.00 3.328/ 80.00 2.526
85.00 I.852

1.125
g: E .438

100.00 -0
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